We report the synthesis of the Ce-based quaternary compound CePtAl 4 Ge 2 that crystallizes in the trigonal structure (space group R3m, 166) with unit cell parameters, a ¼ 4.1995(5) Å, c ¼ 31.851(7) Å, and g ¼ 120 . Powder X-ray diffraction and energy dispersive X-ray spectroscopy show that CePtAl 4 Ge 2 (LaPtAl 4 Ge 2 ) is in a single, homogeneous phase. Magnetic susceptibility, electrical resistivity, and heat capacity measurements of CePtAl 4 Ge 2 show that it exhibits antiferromagnetic behavior below 2.3 K. The magnetic susceptibility for the magnetic field applied perpendicular (c ab ) and parallel (c c ) to the crystalline c-axis is very anisotropic, and the susceptibility ratio (c ab /c c ) reaches a maximum value of 10, indicating that the spin easy axis is within the Ce plane. The entropy recovered at T N is consistent with the doublet ground state of the crystal field split J ¼ 5/2 multiplet of Ce 3þ ions.
Introduction
Heavy fermion compounds with 4f-electrons have attracted significant interest because of their novel emergent phenomena such as unconventional superconductivity, complex magnetic order, and quantum criticality [1e3] . The magnetic exchange coupling between the 4f and itinerant electrons can be used as a tuning parameter to balance the competition between RKKY (RudermaneKitteleKasuyaeYoshida) and Kondo interactions [4] . When the RKKY interaction dominates and long-range magnetic order develops for a small Kondo exchange coupling strength J. With increasing J, the magnetic ordering temperature decreases and is suppressed to absolute zero temperature at a critical value J c . Quantum fluctuations associated with this quantum critical point have been proposed to be a source of novel quantum phases as well as the non-Fermi liquid behavior, where deviation from a Fermi liquid T 2 dependence is observed in the electrical resistivity and the specific heat divided by temperature diverges with decreasing temperature [5, 6] . Recently, a new family of Ce-based intermetallic compounds CeMAl 4 Si 2 (M ¼ Rh, Ir, Pt) was discovered, in which Ce-containing BaAl 4 -type blocks and M-containing AuAl 2 -type slabs are stacked alternatively along the c-axis and adopt a tetragonal crystal structure [7, 8] . Depending on the transition metal element M, it shows various types of magnetic ordering. Both CeRhAl 4 Si 2 and CeIrAl 4 Si 2 become antiferromagnetic below 14 K and 16 K, respectively, whereas, CePtAl 4 Si 2 orders ferromagnetically (FM) below 3 K. The various ground states in the CeMAl 4 Si 2 family were ascribed to a change in hybridization strength arising from the different chemical environments. In fact, different crystalline environments change the crystalline-electric-field (CEF) parameters that also influence the ground state of Ce-base materials [9] .
The sensitive nature of the ground states to the crystal environment in the CeMAl 4 Si 2 family could provide a unique opportunity for accessing a novel quantum phase that may not have been possible otherwise. To gain deeper insight into the relationship between the crystal environment and magnetic ground states, we have synthesized single crystals of the trigonal Ce-based heavy fermion compound CePtAl 4 Ge 2 and its isostructural non-magnetic analog LaPtAl 4 Ge 2 by using the Al/Ge self-flux method for the first time. In this paper, we present the synthesis and physical properties of the Kondo antiferromagnet (AFM) CePtAl 4 Ge 2 .
Material and methods
CePtAl 4 Ge 2 single crystals were synthesized by the Al/Ge selfflux method [7, 10] . First, CePtGe 3 precursor was made by arcmelting in a UHP argon atmosphere, where Ce (arc-melted from pieces, 3N), Pt (shot, 3N), and Ge (pieces, 6Nþ) were reacted. The crushed CePtGe 3 precursor was then loaded in an alumina crucible with Al (Al shots, 4N) and Ge in the ratio CePtGe 3 :Al:Ge ¼ 1: 5.76: 2.24 by weight and sealed in a silica ampoule under high vacuum of 10 À5 Torr. The silica ampoule was heated to 1100 C at a rate of 100 C/h and homogenized for 18 h in a box furnace. The ampoule was then cooled to 600 C for 5 h, and Al/Ge flux was removed by centrifuging. The nonmagnetic analog LaPtAl 4 Ge 2 single crystals were synthesized by the same procedure. The crystal structure was determined using a single-crystal X-ray diffractometer with a graphite monochromatized Mo K-a X-ray source (0.71073 Å), Bruker SMART APEX II, at room temperature. Powder X-ray diffraction patterns were obtained by the qÀ2q method in a Rigaku
MiniFlex-600 with a Cu K-a source (1.54059 Å). Surface morphology and chemical compositions were confirmed by means of scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Laue measurements were used to determine the crystallographic a-and c-axes.
The conventional four-probe technique was used to study the temperature dependence of electrical resistivity, measured with an LR370 (Lake Shore 370) resistance bridge, for the electrical current applied along the a-axis. A Physical Property Measurement System (QD-PPMS, temperature range 300e1.8 K) and Heliox (Oxford, 10e0.3 K) were used as a platform to control the temperature. Magnetic susceptibility was measured by a superconducting quantum interference device (SQUID, QD-MPMS) at a magnetic field of 1 kOe over a temperature range of 350e1.8 K. Specific heat measurements were performed between 10 K and 0.4 K in a PPMS with a 3 He insert.
Results

Crystal structure
CePtAl 4 Ge 2 (Ce1142) and LaPtAl 4 Ge 2 (La1142) crystallized in the YNiAl 4 Ge 2 -type trigonal crystal structure (R3m, 166) and formed into plate-shapes with a crystal size of 2 Â 2 Â 1 mm 3 . Fig. 1(a) shows powder X-ray diffraction patterns (PXRD), in which all Bragg peaks match those of the R3m structure except for one peak at 2q ¼ 38.46 from the Al/Ge flux marked by an asterisk. Fig. 1(b) shows an SEM image of the as-grown surface morphology. EDS results show that the composition is 1.10: 1.00: 4.09: 2.08 among Ce, Pt, Al, and Ge, where the ratio is evaluated against Pt atomic percentage. The shiny single crystals are rather brittle but could be polished easily. Fig. 1(c) shows the array of Ce ions within the abplane with the edge distance of 4.1995(5) Å. This is different from the symmetry of Ce within a layer for the tetragonal structure of CePtAl 4 Si 2 , in which the Ce atoms form a square lattice with a Ce-Ce distance of 4.271 Å in the FM ground state [7] . As shown in Fig. 1(d) and (e), six Ge ions and six Al(1) ions surround Ce ions with distance of 3.0539(9) and 3.691(3) Å, respectively. Fig. 1(f) shows the whole crystal structure and the unit cell is indicated by a black solid line (see Table 1 ).
Single-crystal XRD refinement shows that the lattice parameters of CePtAl 4 Ge 2 are a ¼ 4.1995(9) Å and c ¼ 31.851 (7) Å, and the unit cell volume is 486.5(2) Å 3 , where PtAl 4 Ge 2 slabs and Ce layers are stacked along the c-axis (see Fig. 1(f) ). Because the spacing between Ce layers is 10.617(8) Å, magnetic exchange between Ce ions within the Ce-layer is likely to be substantially stronger than that between the Ce layers. Among the 1142 germanides, the closely packed triangular arrangement is often observed within the layer of magnetic ions [11, 12] m B that is expected of free Ce 3þ ions [7, 8, 15] . In most germanides, on the other hand, the magnetic susceptibility does not follow CurieeWeiss behavior due to strong hybridization between the localized Ce 4f and conduction electrons [12] . Fig. 2(b) The field-directional anisotropic value of m eff and magnetization could be ascribed to CEF effects arising from the highly anisotropic crystalline structure in Ce1142 [16] .
Electrical resistivity
Electrical resistivity of CePtAl 4 Ge 2 (Ce1142) (r a ) is displayed as a function of temperature from 300 K to 0.3 K in Fig. 3(a) , where the electrical current was applied along the crystalline a-axis. r a decreases with decreasing temperature to 18 K, showing a metallic behavior. With further decreasing temperature, however, it increases down to 6 K. Below 6 K (T*), as shown in the inset to Fig. 3(a) , the resistivity drops rapidly because of the Kondo coherence effects. The red line describes the resistivity of the nonmagnetic isostructural compound La1142, which shows typical metallic U(eq) is defined as one-third of the trace for the orthogonalized U ij tensor.
Table 3
Bond lengths (Å) of CePtAl 4 Ge 2 .
PteAl (1) 2.526(3) PteAl (2) 2.5399(11) GeeAl (1) 2.5954(14) GeeAl (2) 2.695(3) Al (2)eAl(2) 2.858(4) GeeCe 3.0539(9) Al (1)eCe 3.691 (3) behavior down to the lowest measuring temperature. The magnetic resistivity (r m ) of Ce1142, where the total resistivity was subtracted by that of La1142di.e., r m ¼ r(Ce1142) À r(La1142), is displayed in Fig. 3(b) . With decreasing temperature, r m monotonically increases, shows a broad peak near 116 K, and continuously decreases down to 18 K. The inset of Fig. 3(b) shows a dip at 2.3 K in the temperature dependence of the second derivative of r m , d 2 r m /dT 2 . This feature is consistent with the anomaly in magnetic susceptibility at T N and, as will be discussed, a peak in specific heat. The kink or abrupt suppression of the resistivity at T N is due to the reduction in spin disorder scattering in the long-range magnetically ordered state. Fig. 3 Ce1142, which would indicate that this compound belongs to the class of heavy fermion compounds. As discussed in the next section, this expectation is confirmed by specific heat measurements.
Specific heat
Specific heat of Ce1142 was measured in a temperature range from 10 K to 0.4 K and is displayed as a function of temperature in Fig. 4 . The Ce 4f-electron contribution to the specific heat (C 4f ) of Ce1142 is obtained by subtracting the specific heat of nonmagnetic La1142 from the total specific heat of Ce1142. As shown in Fig. 4 , a sharp peak in C 4f /T at 2.1 K appears owing to the long-range AFM phase transition, and the entropy recovered at T N is 
The anisotropic displacement factor exponent takes the form of À2p 3.55 J mol À1 K
À1
, which accounts for 61% of the expected value of 5.76 J mol À1 K À1 for a doublet ground state of the crystal field split [17] and is similar to other quaternary germanide Ce 2 MAl 7 Ge 4 (M ¼ Co, Ir, Ni, Pd) systems [10] . With further increasing temperature, the magnetic entropy S 4f increases to 5 J mol À1 K À1 at 7 K, indicating that the CEF doublet is the ground state in this system. The discrepancy from Rln2 at T N could be ascribed to the presence of Kondo screening or to the reduced dimensionality of the magnetism. The low-temperature magnetic specific heat of Ce1142 is
, where the first and second terms correspond to the electronic and magnon contributions, respectively [18] . The blue dashed line in Fig. 4 
Discussion
The germanide CePtAl 4 Ge 2 adopts a trigonal structure that embeds a highly anisotropic character and generates a crystal field effect from the six Ge and Al atoms that surround the Ce trivalent ion. On the other hand, CePtAl 4 Si 2 adopts a tetragonal structure (P4/ mmm, 123) and orders ferromagnetically at 3 K, indicating that the nearest atom from the Ce in CePtAl 4 Si 2 and CePtAl 4 Ge 2 di.e., Si and Ge, respectivelydmay play a crucial role in determining the crystal structure and the magnetic ground state [7] . In addition, there is a difference between the two compounds in chemical composition: CePtAl 4 Si 2 has some Pt mixing on the Si site [7] , whereas CePtAl 4 Ge 2 is stoichiometric. We plan to synthesize CePtAl 4 (Ge 1-x Si x ) 2 to study how the crystal structure, magnetic structure, and stoichiometry change when Si is substituted for Ge in CePtAl 4 Ge 2 structure.
The CEF and Kondo lattice effects in the germanide CePtAl 4 Ge 2 have been consistently observed in the electrical resistivity and magnetic susceptibility measurements. The magnetic resistivity r m shows a broad peak near 116 K, and the anisotropy ratio c ab /c c starts to increase rapidly at that temperature. The resistivity starts to decrease below 6 K, which was ascribed to the formation of the Kondo coherent state of Ce 3þ ions. The magnetic anisotropy c ab /c c decreases faster below that temperature and is almost saturated near T N ¼ 2.3 K, the antiferromagnetic phase transition temperature. The magnetic entropy recovered at the coherence 
